Abstract: Wet air oxidation (WAO) of lignocellulosic biomasses is a promising route for the production of renewable and valuable compounds. In this work, acetovanillone (AV) was selected as lignin model molecule in order to investigate its behavior under the WAO reaction conditions. The experiments were carried out in a pressurized 50 ml batch reactor loaded with NaOH 2M as solvent, the reaction takes 1 h with temperatures ranging from 130 to 190 °C and air pressures between 5 and 30 bar. The perovskite-type mixed oxide LaFeO3 was synthetized and used as heterogeneous catalyst in order to improve the activation of molecular oxygen. Vanillin yield resulted to benefit from high reaction temperature showing a maximum carbon yield of 22%, instead the formation of carboxylic acids from the oxidative degradation of AV largely benefits from high pressure of air, exhibiting an overall carbon yield of 35%. The produced compounds include oxalic, glycolic, lactic, malonic, and levulinic acid.
INTRODUCTION
The global demand of petrol-based derivatives continues to grow as the world population increases. In this regard, the development of an efficient model of integrated biorefinery based on renewable biomasses seems to be fundamental to ensure a sustainable production of fuels and chemicals [1] . However, despite years of research the creation of a commercial plant for biomass-to-biofuel conversion is still economically tricky [2] . In this sense, the association of fuels production with highly valuable chemicals one, may offer the opportunity to achieve the economic sustainability necessary to challenge the wellestablished oil-based industry [3] . As example, the production of bioethanol from sugars represents a settled process that, in the future, will be probably coupled with the production of sugars-derived building blocks for the chemical industry such as 5-hydroxymethylfurfural, polyalcohols and carboxylic acids (CAs) [4] [5] [6] .
The lignin fraction of biomasses is an underexploited resource due to its recalcitrant structure, despite it represents an incredible origin of renewable chemicals [7, 8] . In fact, lignin is mostly considered as a byproduct waste of the cellulosic transformation, and it is generally burned to provide energy [9, 10] . The wet air oxidation (WAO) of lignin offers an great opportunity for the production of renewable chemicals, in particular functionalized aromatics and dicarboxylic acids (DCAs) [2, [11] [12] [13] . The WAO involves the use of pressurized air as primary oxidant for the cleavage of the lignin matrix in an aqueous media, with relatively mild reaction temperatures and short reaction times [14] .
Several classes of catalysts were studied in order to boost the performances of the WAO of lignin (CWAO), homogeneous metal ions [15] , noble metals-based catalyst [14] , and transition metals-based catalysts [16] . Perovskite-type oxides seems to be one of the most promising family of materials for the CWAO of lignin, due to their high oxidative activity, robustness and relative affordability [17] [18] [19] . However, the variability of the origin of the lignin, used as substrate in the previous studies in literature, generates great difficulties to achieve general conclusions on the performances of the processes, and more efforts are needed in order to clarify the reaction behavior.
Herein, we investigate the reaction behavior of acetovanillone (AV) as a model molecule for lignin during an analogue WAO process. Little work has been done so far in order to understand the oxidation behavior of lignin acetoderivates, and to enlighten the mechanisms which led to their degradation to low molecular weight CAs [20] . WAO tests carried out with model molecules may facilitate the comparison of the performances of different lignin valorization approaches, rather than compare the results obtained by using lignin with unclear origins and characteristics.
One of the main products obtained from the direct oxidation of AV, but also from lignin, is vanillin, a molecule considered as a commodity for its importance in the food and cosmetics industry [21] [22] [23] . Vanillin represents also an attractive aromatic molecule bearing diversified functional groups (hydroxy, methoxy and aldehyde) which can be exploited to synthetized various chemicals or bio-based polymers [24] [25] [26] .
Moreover, many studies reported the formation of CAs from lignin oxidation, however, only few provide a characterization of the generated products without always highlight the potential of this renewable source of building blocks [27] . In particular, it was claimed the possibility to achieve the 50% wt of CAs from the alkaline oxidation of hardwood lignin with H 2 O 2 , giving mainly oxalic, formic, acetic, malonic, and succinic acid [28] . Furthermore, it was reported that different lignin model molecules can be oxidized to DCAs through quinone intermediates by using hydrogen peroxide at 60 °C over a chalcopyrite catalyst [29] . Concerning the WAO of lignin and lignin fractions towards CAs only limited work is present [30] . In this regard, the investigation has paid particular attention to products characterization, in order to evaluate the effect of the process parameters on the generated compounds, and to identify which factors mainly drive the evolution of the WAO of AV. Lastly, a perovskite-type oxide, namely LaFeO 3 , prepared through the solution combustion synthesis technique (SCS), is introduced as catalyst in order to boost the oxidative properties of the system.
EXPERIMENTAL

Materials
All metal salts, organic molecules and solvents were purchased from Sigma Aldrich, and used as received. All gas cylinders were supplied by SIAD S.p.A., Bergamo (Italy).
Catalyst Preparation and Characterization
The LaFeO 3 tested in this study was prepared with the solution combustion synthesis (SCS) technique which involves the dissolution of La(NO 3 ) 3 ·6H 2 O (2.16 g) and Fe(NO 3 ) 3 ·9H 2 O (2.02 g) as metals source in 15 ml of water (0.33 M La and 0.33 M Fe) followed by mixing with the combustible, in this case 20 ml of urea solution (1.75 M) in a molar ratio 1:7 La over urea. Afterwards, the crucible with the 35 ml of reagents mixture was put in an oven at the ignition temperature of 600 °C, where the reaction readily starts and the crucible reaches temperature higher than 1000 °C allowing the formation of metal oxide powders [17, 31] .
The Brunauer-Emmett-Teller (BET) specific surface area and pores properties were measured by nitrogen adsorbtion-desorbtion isotherms obtained in liquid nitrogen at 77 °K with Micrometrics Tristar II 3020 apparatus. The catalysts were previously degassed at 150 °C under nitrogen flow for 3 h by means of a Micromeritics Flow Prep 060 degassing system.
The reductive properties were studies with the temperature programmed reduction (TPR) technique by means of a Thermoscientific TPD/R/O 1100 analyzer equipped with a thermal conductivity detector (TCD). A fixed catalyst bed was enclosed in a quartz tube and sandwiched between two quartz wool layers, following, the samples undergone a pretreatment step at 120 °C (heating rate 20 °C/min, hold for 30 min) to remove residual water and contaminants under argon flow. After cooling, the sample was heated from room temperature to 850 °C (heating rate 5 °C/min) under a 20 ml/min hydrogen flow (5% in argon), the desorbed is detected by means of the TCD detector.
The morphology of these materials was studied by means of a Field Emission Scanning Electron Microscopy (FESEM) instrument, model Zeiss Merlin microscope, equipped with a GEMINI II column and an EDS detector.
The X-ray diffraction (XRD) patterns were collected with a Panalytical X'Pert Pro diffractometer using a CuKα radiation in the range 2θ=10÷90 with 0.01 step and 240 s of time per step. JCPDS files were used as reference to identify the present phases.
X-ray photoelectron spectroscopy (XPS) was carried out by means of a PHI 5000 Versa Probe (USA), equipped with a scanning ESCA microscope fitted with an Al monochromatic X-ray source (1486.6 eV, 25.6 W) and beam diameter of 100 µm. Curve-fits were performed with CasaXPS software (version 2.3.16).
WAO Reactions and Parameters Control
The catalytic tests were carried out in a stainless steel 50 ml stirred batch reactor 4590 provided by Parr Instruments Co. (USA), equipped with a pressure transducer, temperature and mixing speed controller. In standard conditions the reactor was loaded with 25 ml of NaOH aqueous solution 2 M and 3.5 g/l of AV, when used, the catalyst concentration was 0.4 g/l. The reactor head space was filled with pressurized air before turning on the heating system, the stirrer which was set at the speed of 800 rpm with a PBT-type propeller, it worth noting that the heating ramp took 10 to 25 min. At the end, the reactor was cooled with cold water until room temperature, the gas phase was analyzed with an at-line gas chromatograph while the reaction mixture was filtered over nylon septa to recover the catalyst, neutralized with HCl, and extracted with ethylacetate (EtOAc) in order to recover the aromatic products.
Products Analysis
The EtOAc phase was dehydrated with MgSO 4 before being analyzed by means of a gas chromatograph (Agilent 7890A) equipped with a mass spectrometer (Agilent 5975B) and a proper capillary column (Agilent DB-5ms). The calibrations standards for the quantitated products were prepared in EtOAc as well. Decane was used as internal standard for the quantitation.
The aqueous phase was analyzed with a Shimadzu HPLC instrument equipped with a Phenomenex Rezex ROA organic acids H + column (300 x 7.8 mm) operating at 60 °C and eluent flow of 0.6 ml/min. Initially, the composition of the mobile phase is 5 mM H 2 SO 4 in water which is progressively added of acetonitrile up to 15% in 10 min, following, the concentration newly decreases to return to the initial conditions in 60 min of total analysis cycle. The products were determined by means of a Photodiode Array Detector (PDA) set at 212 nm and internal calibration with propionic acid as standard.
The products present in the aqueous fraction were occasionally qualitatively analyzed with a GC-MS, for this purpose the samples were previously dried at 50 °C under vacuum, the organic compounds were dissolved in tetrahydrofuran (THF), added with the silylating agent BSTFA-TMCS 99:1 (N,O-bis (trimethylsilyl) trifluoroacetamide) -(trimethylchlorosilane), and left stirring overnight.
The AV conversion and the yield of vanillin contained in the EtOAc were calculated on molar base according with the reaction if Figure 1 . Alternatively, the yields were calculated by means of equation (1) on the base of the carbon content (Y % c ) by taking into account the moles of the single compound (n i ), the number of carbon atoms in the molecule (N i ), and similarly, moles (n van ) and number of carbon atoms of the initial vanillin (N van ). The distribution of the products in the aqueous phase was calculated on molar base abundance.
(1) 
RESULTS AND DISCUSSION
Wet Air Oxidation of Acetovanillone
In order to elucidate the reaction behavior of lignin fragments during a WAO process and to understand which reaction parameters mainly influence the performances, we introduced acetovanillone (AV) as substrate and model molecule. The adopted process set-up, reaction downstream procedures and products analysis, was the same in all tests as reported above, which follows a comparable methodology as the one used in previous similar studies on lignin oxidation [29] . The choice of NaOH aq 2M as solvent is due to the need of simulating a realistic WAO process involving lignin which is more likely to dissolve in alkaline media [32] .
The only compound obtained in relevant amount in the extracted organic phase was vanillin, generated from the oxidation of the ketone group of AV, the reaction has a stoichiometric oxygen demand of 1.5 moles per mole of AV as shown in equation 1, corresponding to 3.7 bar of air in the adopted reaction setup. Other molecules typically observed in similar processes, such as vanillic acid, guaiacol, 3-hydroxyacetophenone and phenol, were occasionally observed in traces amount. Vanillin constitute also the first oxidation step of AV, further oxidative reaction lead to the generation of carboxylic acids and carbon oxides, the maximum oxygen request is obviously represented by the total combustion of AV to CO 2 which needs 10 moles of O 2 per mole of AV as shown in Figure 2 . Furthermore, it was reported that during the oxidation of lignin model molecules in alkaline media, heavy weighted biphenyl structures can be occasionally formed [33, 34] . Unfortunately, these compounds resulted to be recalcitrant to further oxidative degradation, and may cause an increase in the amount of carbon lost from the products quantitation. Differently, the residual aqueous phase presents several types of CAs derived from the oxidative degradation of AV, these were identified by means of GC-MS as oxalic, glycolic, malonic, lactic and levulinic acid. Despite that, the imperfection of the silylating technique suggests the use of HPLC for the quantification of the compounds in the aqueous phase, however, the resolution achieved with this instrument was lower than what was achieved with the GC-MS, limiting the quantitation to the main compounds.
LaFeO 3 Characterization
The nitrogen desorption analysis (BET) of the prepared LaFeO 3 exhibited a total surface area of 12.1 m 2 /g, with a BJH-pore volume of 0.049 cm 3 /g, and average BJH-pore size of 180 Å. These values are in agreement with the BET results generally observed in materials prepared through SCS [35] .
The X-ray diffraction pattern of the prepared catalyst is shown in Figure 3 , and it largely matches with the reference spectra of LaFeO 3 with orthorhombic crystal structure reported in the JCPDS reference database (00-037-1493). Exceptions are represented by the peaks at 32.5° and 44.5°, the first one belongs to La 2 O 3 impurities with hexagonal structure (00-005-0602), while the second one belongs to the aluminum sample holder [17, 36] . A satisfying degree of crystallization might be inferred by the relatively high intensity and defined shape of the signals. Figure 4 showed the XPS spectra of La(3d), Fe(2p) and O(1s) for the LaFeO 3 sample. The La(3d) spectra shows two doublets at around 836 and 853 eV corresponding to La(3d 3/2 ) and La(3d 5/2 ) orbitals, in particular, the energy gap between the peaks of the La(3d 5/2 ) doublet is 3.8 eV, comparable with La(OH) 3 (3.9 ev) rather than La 2 O 3 (4.6eV). Thus, it is possible to infer that the surface is mostly composed by perovskite structures instead of La 2 O 3 , nevertheless, the XRD analysis clearly showed the presence of lanthanum oxide below the surface [37] . The XPS spectra of Fe(2p) shows two main signals related to Fe(2p 1/2 ) and Fe(2p 3/2 ) orbitals at 723.6 and 710.2 eV respectively, in agreement with the peaks obtained from Fe 3+ oxides in similar materials [38] . After deconvolution, the O(1s) XPS signal can be divided in three peaks at 528.9, 531.1 and 532.2 eV, the peak at 528.9 can be attributed to lattice oxygen species, while the one at 531.1 and the hidden at 532.2 may be related to oxygen species such as HO -and O -chemisorbed on the surface. The presence of superficial adsorbed water is limited since the related signal at approximately 234 eV is negligible [39] .
The reducibility of the catalyst expressed as consumed H 2 was investigated and reported in Figure  5 . The profile shows multiple peaks due to the presence of multiple iron oxides, in particular La-Fe-O and Fe-O, and also to an excess of oxygen with respect to the stoichiometric, as commonly observed in the materials obtained through combustion [40] intermediates, giving rise to two H 2 consumption peak around 300 °C and 730 °C [41] . Moreover, the first peak could be overlapped with the reduction of the oxygen surplus from the lattice at low temperatures (200-300 °C).
In Figure 6 the FESEM images of the fresh catalyst (a, b) and of the used one (c) are reported. The grains of LaFeO 3 are mainly present as nanospheres with an average diameter of 20 µm, which are arranged in larger stratified structures with different degree of agglomeration. Apparently, the used catalyst exhibits an increased average dimension of the spherical particles (40 µm), and occasionally, sodium salts and carbonaceous deposits were observed as consequence of the reaction environment.
Effect of the Reaction Temperature
The effect of the reactor temperature on the process performances was initially explored in the range 130-190 °C for reactions carried out at 10 bar of initial air pressure for 1h, without any catalyst or in the presence of LaFeO 3 (Figure 7) . In the case of the blank test, the AV conversion grows steadily from the 32.2% at 130 °C to 70.7% at 170 °C, while it seems to approach an asymptote at 190 °C with the 74.9%, the catalyzed test follows a similar behavior with conversion percentages lightly higher along all the temperatures profile by the 3% on the average. The vanillin yield slightly grows between 130 and 150 °C reaching the 7.5%, while the temperature approach the 170 °C, vanillin starts growing significantly reaching the 16.2% and subsequently the 22.2% at 190°C. The highest selectivity towards vanillin was achieved as well at 190 °C with the 28.7% in the black setup, however, this result is lower than the expected. The performances offered by the perovskite in terms of vanillin productivity are better than the blank reaction in the temperatures range of 130-150 °C by 1-1.5%, furthermore, as the temperature increases the vanillin yield surprisingly decreases despite the enhanced AV conversion. This observation suggests that the catalyst provides higher oxidative strength causing higher AV conversion, but it also intensifies the degradation of vanillin to secondary products. This hypothesis is also reflected in Figure 8 where the process performances are reported as a function of temperature, and presented as carbon content of substrate (AV), main aromatic product (vanillin), and sum of the carboxylic acids measured in the aqueous fraction. In both catalytic and blank tests, as the reaction temperature rises and the AV conversion increases is possible to observe a progressive decrease in its carbon content in favor of vanillin and CAs ones, vanillin peaks at 190 °C reaching the 20.5% c and the 18.4% c respectively for the blank and for the catalytic test. At the same time, the CAs yield peaks at 150 °C in both cases showing the 26.2% c and 25.4% c respectively for the blank and for the catalytic test, despite that, the acids yields achieved were lower than expected due to over oxidation to CO 2 which occurs especially at high temperature. Unfortunately, it was not possible to effectively quantitate the CO 2 by means of chromatographic analysis of the exhausted gas mixture due to the adopted alkaline media which chemically absorbs it as carbonate ion. Despite that, the carbon balance of the quantified products and of the residual AV exhibits a progressive decrease as the reaction temperature rise. It is possible to consider this parameter as an index of the formation of CO 2 , the higher the batch temperature, the higher the carbon lost from the quantitated balance. In fact, the carbon balance moved from the 89.1% achieved at 130 °C to 49.4% at 190 °C in the case of the black test, and similarly for the perovskite-catalyzed test it moved from the 87.4% obtained at 130°C to 48.5% at 190 °C.
The main products present in the residual aqueous phase after solvent extraction are shown in Figure 9 in the blank test levulinic acid represents the major compound with the 86.4% of abundance at 130 °C, and it dramatically decreases with the temperature, reaching a minimum of 24.4% at 190 °C. Other products, such as lactic, oxalic, malonic and glycolic acid increase progressively their abundances as the temperature increase, moving from 5.3%, 4.8%, 1.7%, and 1.8% at 130 °C up to 23.2%, 26.1%, 5.7% and 20.5% at 190 °C.
These observations suggest that the catalyst is capable to enhance the oxidative strength and AV conversion, in particular, it provides higher yield of vanillin when the temperature is below 150 °C compared with the blank test, however, as the reaction temperature rises, LaFeO 3 intensifies secondary oxidative reactions which causes the degradation of the aromatic ring of AV and vanillin to give CAs with consequent diminished vanillin selectivity.
Effect of the Oxidant Pressure
The effect of the change in the initial air pressure on the process performances was investigated in conditions of excess of oxidant in the range between 5 and 30 bar, with particular regard to AV conversion, vanillin yield and carboxylic acids yields. The experiments were carried out at 150 °C since is the temperature which offered the highest amount of quantified products with a maximum of 34% c . On one hand, lower temperatures showed less conversion and fewer products, while on the other hand, higher temperatures enhanced over oxidation and consequently we observed the 30% c and the 25% c of products yield respectively at 170 and 190 °C in spite of the increased AV conversion.
In Figure 10 it is reported that AV conversion grows steadily with the increasing initial air pressure, rising from the 39% at 5 bar to 99% at 30 bar. At the same time, the vanillin yield slightly grows between 5 and 10 bar, when oxygen diffusion may be still a limiting factor, reaching a maximum yield of 9.1% with 15.7% of selectivity. Following, the increasing excess of oxidant leads vanillin yield and selectivity to decrease firmly, suggesting that its formation is challenging with secondary oxidative reactions.
In Figure 11 process performances are reported as a function of the initial air pressure and presented as carbon content of substrate (AV), main aromatic product (vanillin) and sum of the carboxylic acids measured in the aqueous fraction. As the oxidant pressure rises, the AV carbon content decreases steadily since the conversion rate had increased as previously observed, meanwhile, the vanillin carbon content initially rose to subsequently decrease with the growing oxidation rate to give carboxylic acids and CO 2 . Accordingly, the yield in carboxylic acids progressively grows with the rise in the air pressure and the increasing AV conversion, however, the yields obtained are lower than expected due to over oxidation to CO 2 . Unfortunately, it was not possible to effectively quantitate the CO 2 by means of chromatographic analysis of the exhausted gas mixture due to the adopted alkaline media which chemically absorbs it as carbonate ion. Despite that, the carbon balance of the quantified products and of the residual AV exhibits a progressive decrease as the initial air pressure increase. It is possible to consider this parameter as an index of the formation of CO 2 , the larger the oxidant availability, the higher the carbon lost from the quantitated balance. In fact, the carbon balance moved from the 72% achieved with 5 bar of air to 45 % with 30 bar.
In Figure 12 it is shown that the CAs distribution dramatically changes moving from 5 bar of air load to 10 bar, while it lightly varies between 10 and 30 bar. In particular, oxalic and lactic acids represent the main compounds when the air pressure is 5 bar, but their abundances drop dramatically from 71.8% and 28.2% to 5.6% and 6.6% while increasing the reactor pressure to 10 bar. At the same time, the percentage of levulinic acid increases greatly from nearly zero to 85.5%, becoming the principal product. Moreover, the increase on the air pressure from 10 to 20, and 30 bar causes limited changes in the products distribution, with a linear trend which shows a gradual decrease in the levulinic acid percentage which reaches the 79.6% at 30 bar. Meanwhile, it was observed a slow increase of malonic and glycolic acids, which grow progressively from nearly zero to 4.3% and 3.9% respectively. 
Effect of the Variation of Temperature and Pressure
Afterwards, it was explored the effect of the reaction temperature on the process performances in the range 130-190 °C for two sets of experiments carried out at 10 and 20 bar of initial air pressure (Figure 13) . In both reaction sets the AV conversion grow firmly with the increasing batch temperature, in the case of 20 bar, it moves from 55% at 130 °C to 99.9% at 190 °C, while, in parallel, the AV conversion shift from 38% at 130 °C to 70% at 190°C in the case of 10 bar of air pressure. Curiously, the vanillin productivity in terms of yield and selectivity does not follow the same trend in the two pressure sets. In the higher pressure experiment, vanillin exhibits an initial growth accordingly with the increasing substrate conversion, while at temperatures higher than 150°C it experiences a drop due to over oxidation reactions favored by the high temperature. In the lower pressure experiment, the initial vanillin yield is higher, as expected from the previous pressure investigations (Figure 13) , besides that, vanillin yield benefits from an higher reactor temperature reaching a maximum of 17% at 190° in contrast with the results of the 20 bar set. It is possible to infer that high pressure and high temperature negatively affect the selectivity of the oxidation towards vanillin by enhancing the oxidative strength and cracking reactions, however, a moderate air pressure close to 10 bar allows to achieve better performances and to exploit the kinetic advantages of a higher temperature while limiting the over oxidation.
In Figure 14 process performances of the 20 bar set are presented as a function of the batch temperature, as carbon content of substrate (AV), main aromatic product (vanillin), and sum of the carboxylic acids measured in the aqueous fraction. As the temperature rises, the AV conversion increases while its carbon content diminishes, vanillin carbon yield initially grows to subsequently decrease to secondary products, and the carbon content of the carboxylic acids slowly decreases to give CO 2 . It worth noting that, the carbon balance steadily drops from the 80% at 130 °C to 30% at 190 °C, suggesting that the generation of CO 2 grows progressively with the increase in the batch temperature and it affects all the monitored compounds.
In Figure 15 it is shown how the CAs distribution changes moving from 130°C to 190°C for the two experiments sets carried out at 10 bar and 20 bar. In both cases, as the reaction temperature rises, we observed a general trend of progressive decrease of the higher molecular weight CAs, namely levulinic acid, in favor of lower molecular weight products. In the 10 bar set (left graph), the levulinic acid fraction falls from 90.3% to 57.1% while in the 20 bar set (right graph) the percentage is only 79.4% at 130 °C, but curiously, it decreases only to 62.2% at 190 °C. Meanwhile, the relative abundance of the other quantified CAs generally grows; in the lower pressure set the second main product is oxalic acid which moves from 4.3% of abundance at 130 °C to reach the 17.3% at 190 °C, however, in the higher pressure set the second main CA is lactic acid which grows from 10.3% at 130 °C to 15.4% at 190 °C. In both cases, glycolic acid grows steadily with the increasing temperature moving from 0 to 11.9% in the 10 bar set and from 0 to 8.8% in the 20 bar set.
The presented data show that both temperature and air pressure significantly influence the reaction output, in this sense, a 3D visualization of the combined effects of these two parameters on the process performances may simplify and shorten data acquisition and interpretation (Figure 16 ). In the a) section the 3D graph indicates that vanillin yield grows steadily with the temperature increase, showing a narrow maximum near the highest tested temperature, while the yield is close to zero around 130 °C. The increase of the air pressure has a beneficial effect at low reaction temperature by enhancing the substrate conversion and the vanillin yield to 8-9%, however, at higher reaction temperatures this effect is counterproductive due to the strengthened oxidative environment which promotes oxidative ring cleavage of the aromatic compounds. Similarly, in the b) section is reported the vanillin selectivity which differs from the previous graph in the low temperature section where, despite the decreased vanillin formation, the selectivity remains approximately stabile around 10%. Vanillin selectivity is still favored by high process temperature and limited air pressure, in fact high pressure values have the capability of dramatically reduce it in favor of CAs and CO 2 . Lastly, in the c) section is shown the yield of CAs which, in contrast with the vanillin behavior, presents a broad flatter maximum due to the fact that this CAs yield comprises multiple products formed via multiple reaction pathways. It is possible to infer from the 3D visualization that the CAs formation is mostly favored by high air pres sures comprised between 25 and 30 bar, rather than the reaction temperature, since the maximum is comprised between 130 and 140 °C.
Insights on the Oxidative Mechanism
One of the oxidative mechanisms which have been proposed for the formation of carboxylic acids from lignin fragments, such as AV, involves the generation of highly active oxidative species in the presence of hydrogen peroxide, which brings to the formation of quinones intermediates. These compounds undergo further oxidation steps which lead to ring cleavage to give unsaturated carboxylic and bicarboxylic acids [29] . However, the results achieved suggest a totally different behavior, in the first instance quinone intermediates have never been observed in this study, nevertheless, these compounds might be highly unstable under the reaction conditions and they do not result among the products. The second observation is that the products distribution achieved among the carboxylic acids is not compatible with the above mentioned mechanism which involves the generation of unsaturated CAs, such as fumaric and maleic acids, generated from the cleavage of the aromatic ring. Other studies, on the alkaline oxidation of lignin moieties with hydrogen peroxide, hypothesize the degradation of functionalized aromatics to low molecular weight CAs without chromophore intermediates such as quinones [28] .
Herein, it is shown a more plausible reaction pathway for AV oxidation which take into consideration the oxidation of the ketone group to give vanillin as final product, and the competitive route which involves the phenolic group oxidation to give aromatic ring cleavage and the formation of low molecular weight CAs as we observed in our tests (Figure 17 ) [20] .
The alkaline environment allows the initial formation of the AV phenolate, which could undergo the oxidation of the ketonic methyl group (A) to give the corresponding alcohol and subsequently the aldehyde. Lastly, the interaction with the solvent causes the rearrangement of the ketone which ends with the elimination of H 2 O and CO 2 to give the vanillin phenolate.
Alternatively, the phenolate could experience electron rearrangement (B) with formation of radicals, which could interact with oxygen to give the oxidative opening of the aromatic ring, further rearrangements and oxidative cracking lead to the formation of lower molecular weight acid fragments. A previous work showed that the presence of radiationinduced ions is capable to induce the degradation of AV in water media [42] . This observation strengthens our hypothesis of a radicals-driven mechanism of AV degradation to CAs, but also, it helps to explain part of the carbon missed from the quantitation, since aromatic radicals can easily rearrange to form dimers of tricky detection.
CONCLUSIONS
The reaction behavior of acetovanillone (AV) as a model molecule for lignin during a WAO process was investigated. It was reported that, under the experimental conditions, vanillin is the principal aromatic product obtained from the oxidation of AV, while relevant amounts of CAs were observed as consequence of the aromatic ring cleavage. Main carboxylic compounds were oxalic, glycolic, lactic, malonic and levulinic acid.
A perovskite-type oxide, namely LaFeO 3 , was synthetized, characterized, and used as catalyst in the reaction.
The results suggest that process performances are mostly influenced by the reaction parameters rather than the presence of the catalyst, nevertheless, it enhances the oxidative strength in all the range of investigated temperatures. In particular, it favors the formation of vanillin at the lower temperature (130-150 °C), while at higher temperatures (170-190 °C) it decreases the vanillin yield in favor of CAs when compared with the blank test. It was shown that high temperatures (190 °C) rather than high oxidant pressures maximize the vanillin carbon yield to 22%, on the contrary the productivity of CAs is maximized at high oxidant pressures (30 bar) rather than high temperatures offering an overall carbon yield of 35%. Summarizing, the study proves the possible production of CAs from substituted aromatic using air as primary oxidant, and tries to clarify the mechanisms which drive the process.
